Abstract. In this work, the emphasis was mainly placed on investigating the sonocatalytic activity of Fe 3 O 4 -CuO-TiO 2 nanocomposites heterostructure. The prepared samples were characterized by X-ray diffraction (XRD), Vibrating Sample Magnetometer (VSM), BrunauerEmmett-Teller (BET) Surface Area Analysis. Methylene blue dye was selected to examine the sonocatalytic activity of Fe 3 O 4 -CuO-TiO 2 nanocomposites heterostructure. The degradation reaction processes were monitored by UV-vis spectrophotometer. The influence on the activity of the Fe 3 O 4 -CuO-TiO 2 nanocomposites heterostructure such as TiO 2 loading was studied. The sonocatalyst Fe 3 O 4 -CuO-TiO 2 with molar ratio of 1:1:5 showed the highest sonocatalytic activity. At last, the experiment also indicated that holes are the main reactive species in the photodegradation mechanism in methylene blue.
Introduction
In the recent years, environmental pollution has been found as one of the biggest problem in the rapid growth in the production processes [1] . Therefore, it is required to develop a new and efficient treatment for the removal of a large number of toxic compounds in the effluents discharged from the industry. As one of advanced oxidation technology, the sonocatalytic degradation has gain more attention for purification of polluted effluents and has good prospect for protecting the environment [2] [3] [4] . However, degradation of toxic complex compounds using ultrasound consumes large amounts of energy if one applying sonolysis alone [5] . Therefore, ultrasonic wastewater treatment can be performed in the presence of catalyst. Heterostucture catalysts have received immense interest since they offer a great potential to solve problem of environmental pollution and energy crisis [6] . Among the various heterostructure catalyst, TiO 2 −CuO nanocomposites heterostructure is one of the promising materials. Recently, there have been reports of materials having both adsorption and oxidation properties, that are important in degradation of polluted effluents. Fe 3 O 4 has been found to possess ferromagnetic behavior, and it can be used as an adsorbent with a large area and small diffusion resistance for removal of chemical species such as organic pollutants [7] [8] [9] .
The present study aims to investigate the Fe 3 O 4 -CuO-TiO 2 mediated sonocatalytic degradation of methylene blue as a model of the toxic complex compounds because of its complex aromatic ring structure is difficult to remove from the environtment [10] . The influence of different TiO 2 loading of Fe 3 O 4 -CuO-TiO 2 nanocomposites heterostructure in the aqueous solution on the sonocatalytic efficiency was evaluated. The presence of radical scavangers was employed to provide insight on the photo-degradation mechanism through different active species.
Experimental
A series of Fe 3 O 4 -CuO-TiO 2 nanocomposites nanoparticles were prepared using sol-gel method described previously with the variation of molar ratio of 1:1:1, 1:1:3 and 1:1:5 [11] [12] [13] .
The structure and phase of the samples were characterized by X-ray diffraction (XRD) measurements using a Philips PW 1710. Magnetic measurements were performed on Oxford type 1.2 T vibrating sample magnetometer (VSM). The nitrogen ad/desorption isotherms were measured using Nova Quantachrome 2000. Sonocatalytic activity was evaluated by degradation of Methylene blue (MB) in the presence of Fe 3 O 4 -CuO-TiO 2 nanocomposite in aqueous solutions using ultrasonic bath operated at fixed frequency of 40 kHz. In the experiment, typically 20 mg Fe 3 O 4 -CuO-TiO 2 nanocomposite catalyst was suspended in 100 mL MB solution with 20 mg/L concentration of MB. The suspended solution was placed in the dark for 30 min under magnetic stirring to ensure the establishment of an adsorptiondesorption equilibrium in MB solution. After that period of time, the ultrasonic bath was turned on and this was taken as "time zero" for the reaction. During the sonocatalytic reaction, samples were collected for 2 h at regular intervals. The solution was analyzed using a Dynamica UV-visible spectrophotometer with a quartz cuvette with an optical length of 10 mm.
Results and discussion
The influence of ultrasonic irradiation on MB degradation by Fe 3 O 4 -CuO-TiO 2 nanocomposites were investigated and plotted in Figure 1a To get insight of the degradation mechanism, control experiments have been carried out by adding different type of scavengers. The degradation of MB in the presence of tert-butyl alcohol, ammonium oxalate and Na 2 S 2 O 8 scavenger for hydroxyl radicals, holes and electrons, respectively, is displayed in Figure 2b . It is obvious that the order of affecting the rate for degradation of MB follows that of hole > hydroxyl radical > electron. It can be seen that ammonium oxalate provoke a large degree of inhibition of MB, which confirmed the indispensable role of holes in the degradation process of MB. Thus, a lower percentage of degradation of MB was obtained, suggesting that the sonocatalytic activity of MB is driven by holes. It is known that reusability and stability of catalysts are important parameters of the degradation process and are important issues for practical applications. To evaluate the stability of the catalyst under ultrasonic irradiation, the Fe 3 O 4 -CuO-TiO 2 nanocomposites with a molar ratio of 1:1:5 were repeatedly used for four cycles. In this experiment, nanocomposites could be easily recovered from the solution using a permanent bar magnet (the inset of Figure 1a) . The stability was evaluated by reusing the catalyst with the same quantity of fresh MB. The results displayed in Figure. 1a. It is seen, that after four cycles degradation efficiencies of 80% was obtained. Figure 1b illustrates [14] . However, the saturation magnetization of Fe 3 O 4 -CuO-TiO 2 nanocomposites is still large enough for magnetic separation as can be seen in the inset of Figure 2a .
Phase composition and crystallite size of samples are reported to have influence on the sonocatalytic activity. Therefore, XRD measurements are conducted in this study. XRD patterns of nanocomposite Fe 3 O 4 -CuO-TiO 2 are shown in Figure 3 . The characteristic diffraction peaks of all nanocomposites samples clearly identified as individual crystal structure and phase of cubic spinel Fe 3 O 4 , anatase TiO 2 and monoclinic CuO. Additionally, no diffraction peaks assignable to other segregation of phase was observed in the XRD pattern. The crystallite size calculated according to the Scherrer equation [15] [16] and unit cell parameters of all samples are tabulated in Table 1 . The nitrogen adsorption-desorption isotherms of nanocomposites are exhibited in Figure 4 . It can be seen clearly in the figure that all samples exhibited a typical type III isotherm with a distinct H3 hysteresis loop according to the IUPAC classification. Table 1 also shows a comparison of the BET surface area, pore volume and pore diameter of all nanocomposite samples were listed in Table 1 . This observation suggests that the BET surface area is significantly improved by increasing molar ratio of nanocomposites from 1:1:1 to 1:1:5. It can be seen from the table that the nanocomposite with It is believed that ultrasonic irradiation can result in the formation of light with comparative band gap energy that could excite electron from valence to conduction band, leaving behind holes in the valence band [17] . Although there have not been satisfying explanation on the sonocatalytic degradation of organic dyes, but the mechanism is often related to the two points of view, namely phenomena of sonoluminescence and "hot spot" [18] . The key steps involved in the mechanism of heterogeneous photocatalyst are charge-carrier generation, charge-carrier trapping, charge-carrier recombination and photocatalytic degradation of organic dye [19] . Moreover there are several parameters that control the photocatalytic activity such as phase purity [20] , average crystallite size [21] , band gap [22] , specific surface area [23] and defect or localized states [24] . It is observed from BET measurements an increase in the specific surface area with increasing TiO 2 loading. However, according to the XRD measurements, the crystallite size did not change significantly. The BET surface areas of samples with molar ratios of 1:1:1 and 1:1:5 are 18.36 and 37.64 cm 2 /g, respectively. It has been reported that an increase in the specific surface area will increase the surface active site, which consequently leads to a higher interfacial charge carrier transfer for catalysis, and will enhance the catalytic activity.
It is also reported that the presence of defects or trapping states in catalysts promote the catalytic activity, since defects can act as charge carrier traps for generated electrons and holes under irradiation and can enhance the charge separation, which in turn restrains the loss due to charge recombination. From ESR studies ( Figure 5 ) in our samples confirmed the presence of different kinds of trapping states such as Fe 3+ , Fe 2+ , Oxygen vacancy and Cu 2+ as can be seen in Table 2 [25] [26] [27] [28] . It has been reported [26] , that these states could trap the generated electrons and later react with the adsorbed O 2 molecules to yield O 2 − . Holes not only could directly decompose the adsorbed dye molecules on the surface of the catalyst, it could also accelerate the generation of OH radicals through oxidizing water molecules in the bulk solution. In addition, the "hot spot" produced by ultrasonic cavitation in water medium can produce high temperature that is sufficiently brings about the many holes producing OH radicals on the surface of catalyst. As the molar ratio increased, the probability of electrons collecting in the trapping state increased due to the increase in Ti 4+ , and more holes can react with the hydroxyl group. Thus, it is concluded that holes play the most important role in the degradation of MB, which is in agreement with the results of experiments using scavenger technique, as shown in Figure 1b. 
Conclusion
In summary, the present study shows that MB as an organic dye can be removed using ultrasonic irradiation in the presence of Fe 3 O 4 -CuO-TiO 2 nanocomposites heterostructure. The sonocatalytic activity increased with increasing TiO 2 loading (molar ratio). This might be due to the higher surface area and the enhancement of electron-hole separation. The scavengers such as tert-butyl alcohol, ammonium oxalate and Na 2 S 2 O 8 reduced the MB degradation. Among them, ammonium oxalate was the most effective. These results indicated that holes play an important role in the degradation mechanism of MB.
